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A relativistic local-density approach for including magnetic effects into scalar-relativistic elec-
tronic structure methods is presented. This method is based on a spin-only relativistic generaliza-
tion of density-functional theory and on results for the relativistic homogeneous electron gas. The
relativistic effects on the magnetization density are found to be important only near the nucleus and
hence to affect Fermi-contact hyperfine interactions. The approach is illustrated by means of a de-
tailed determination of the Knight shift K of a thin Pt(001) film. These results show a large positive
change in K at the surface with respect to the bulk due to a decreased magnetization at the surface
(and hence a decrease in the magnitude of the negative core polarization) plus an increased positive
valence-electron contribution. The spin-only value of K in the surface layer is —0.6% versus a
center-layer value of —4.1% (compared with the experimental bulk value of —3.4%, which in-
cludes a positive orbital contribution). The core polarization per unpaired spin (— 1.1 10° Oe/u5 )
is in excellent agreement with experiment (— 1.2 10° Oe/up). These results give both a qualitative
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and quantitative understanding of recent NMR experiments on small Pt particles.

I. INTRODUCTION

One of the goals of surface science is to understand ca-
talysis from a microscopic point of view. One of the most
important catalysts (and hence of particular interest) is Pt,
usually in the form of small particles. Recently, several
NMR studies on superfine Pt particles' ~® have been re-
ported with emphasis on the surface properties. Pt is a
good candidate for NMR since the '°’Pt nucleus is 34
at. % abundant, of spin %, and has one of the largest
Knight shifts of any metal (—3.37%).” The Knight shift
K is defined® as the relative shift in the NMR frequency
wq of a nucleus (with gyromagnetic ratio y) in a dc mag-
netic field H, due to the polarization of the conduction
electrons in a metal,

w0=7/(1+K)H0 ,

where the frequency of the bare nucleus is just yH,. The
main contributions to the Knight shift arise from the orbi-
tal paramagnetism and the Fermi-contact terms due to the
valence electrons and core polarization. .

The results of Yu et al.>? on particles <200 A in diam-
eter showed a broadening of the resonance line that varied
inversely with particle size. The experiments by Slichter
et al3—" on smaller particles with diameters in the range
10—100 A showed a distribution of the NMR signal rang-
ing from the bulk signal to positive values of K. The
sharp peaks for which K > 0 were attributed to the adsorp-
tion of gas molecules®> on the surface of the particles. If
the particles are then cleaned, these sharp peaks disappear,
but a rather broad peak at K ~0% still remains.*> This
broad peak can then be identified with the clean surface.

In order to obtain a microscopic understanding of these
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results, it is necessary to understand the electronic and
magnetic structure of the bulk and surface in the presence
of an external field. An important conceptual problem
that arises in the straightforward application of the stan-
dard (spin-) density-functional (SDF). theory>!® to this
problem for heavy materials such as Pt is that spin and ki-
netic effects are not separable in a relativistic treatment.
The relativistic generalization'! of the SDF theory handles
this problem by considering the external fields as given
classical objects within a spin-only framework. In Sec. II
we present a practical local-density approximation which
includes relativistic corrections to the spin density in the
spirit of the local-spin-density method (LSD).!° While
based on the relativistic generalization of density-
functional (DF) theory,!! our approach has the conceptual
appeal of showing the transition between the relativistic
and nonrelativistic limits. This procedure as implemented
into the full-potential linearized augmented-plane-wave
(FLAPW) method'? for thin films and applied to the case
of a thin Pt(001) film is described in Sec. III. In Sec. IV
we present the theoretical spin-orbit Knight shifts.!* The
results using the relativistic spin-polarized approach
described in Sec. II give both a qualitative and quantita-
tive description of the experimental trends,*> thereby
leading to a microscopic understanding of the data. Fi-
nally in Sec. V we give some further discussion and sum-
marize the main results.

II. THEORY OF RELATIVISTIC SPIN
POLARIZATION

Consider the coupling of Dirac particles of mass m and
charge e to the electromagnetic field (we will be in the ra-
diation gauge V-4 =0).!* We write
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A A 1 ~
H=Ky+— | dTJ A", (1)
ot ¢ f rJy

where ZA’O is the Hamiltonian in the absence of external
fields and the four-current operator and four-potential are
given by

Tr=(cp,T)=ecP(DIy P(T) , @)
AF=(D,A,,) . 3)

(Our notation follows the convention of Bjorken and
Drell.'*) Rajagopal and Callaway,’* MacDonald and
Vosko,!! and Rajagopal'® have shown that the
Hohenberg-Kohn theorems® on which DF theory is based
can be generalized to include relativistic effects. More-
over, these authors have shown that one can obtain
Kohn-Sham single-particle equations of the form!

{c@ [P —(e/c)Aus]+Bmc +eV (T} () =€:;(F) ,

4)
where the effective potentials are given by
T OE.[J,
Vel E)=0(F) e [ T | SBnclly] 5)
[T—T"'| 8J(T)
- - SE, [J
Aeff( )= Aext_ ___i[_ll-_] s (6)
8J(T)

and 7 (T) is the number density. The exchange-correlation
energy functional E,.[J,] contains magnetic effects
through its dependence on the spatial components of the
current. If we are interested in spin effects, this approach
is not appropriate since spin and kinetic effects are not se-
parable. Following MacDonald and Vosko,!! we take the
nonrelativistic viewpoint that the external fields (in analo-
gy with nonrelativistic SDF theory) couple only to the
particle and spin densities,

%ext: e fd?':?k F)'}’o;/;( T):d(7)

— B [ar (Do, dOFED) @)

where p p is the Bohr magneton and
o= Ti[y* v, 8
FHY=0lA"* —-3"4" .- 9)

If we consider A* and F™ to be given classical objects
with F#¥ having only spatial components, we have!!

Fo=e [ dT YEWy o T): D(D)
—udef’[:i(?)a*@(f'):]-ﬁ .

we now define the magnetization density operator
(T)=upP oy, we can write

Fow= [ dTPTIO(T)—[@(T)]-B} . (10)

8L =

The first term contains the usual minimal electromagnetic
coupling while the second term represents a coupling to
the magnetic dipole moment only. This Hamiltonian
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leads to single-particle equations of the form
[e@ B +Bme?+eV (D) —pup - Ve 1i (T =€,,(T) ,
(11)

where Vg(r) is given by Eq. (5) and the spin-density
operator 3 and effective magnetic potential are given by

- g 0 .

~1s _5|" (12)

L L BE,

Uegr=B+—, (13)
Sm(T)

where & denotes the usual 2 X2 Pauli spinors. The num-
ber density n(r) and magnetization density mM(T) are
given by

n(F)=¢l(T):(T) ,
: (14)

(1) =pp SIoHT)IZ¢,(P)],

where the sums are over all occupied (positive-energy)
states.

If we take the nonrelativistic limit of (11) retaining the
first relativistic correction, we obtain the familiar Pauli-
type 1q,quation for a magnetic field coupling to the spins
only,

2 4
p g 1 -
ﬁ_ 8m3c? —HpT" |B— 2mc(VVXp)
+ leV+ ﬁzzezsz ]\Ilz(e—mc2)‘ll. (15)
8m“c

In this equation B and V are the effective magnetic fields
and potentials which include the exchange-correlation ef-
fects.

The set of self-consistent equations (5) and (11)—(14), in
principle, yields the correct charge and magnetization den-
sities. Unfortunately, since the exact exchange-correlation
functional is not known, we will use the well-known
local-density approximation.” This approximation has
been well tested and gives excellent agreement with experi-
ments for ground-state properties such as equilibrium
geometry and charge and spin densities. For metals such
as Pt, relativistic corrections to the exchange!"!¢ and
spin-orbit coupling do affect the Fermi surface,'® but the
valence charge and spin densities are rather insensitive to
these effects.!® Hence, we will treat the valence electrons
scalar relativistically,!® i.e., including all kinematic rela-
tivistic effects except spin-orbit effects. In this way, we
avoid the well-known problems associated with solving
the Dirac equation self-consistently for complex systems
with large unit cells such as those encountered in surface
systems. For the core electrons, on the other hand, the
spin-orbit term can have large effects (especially for p
functions), and hence we treat the core fully relativistical-
ly.

We are now left with the question of how to include
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magnetic and spin effects. The nonrelativistic viewpoint
implicit in the form of the coupling in Eq. (10) suggests
treating these effects in an analogous way to the nonrela-
tivistic (local-) SDF method, i.e., solving the standard
spin-polarized equations but with the nonrelativistic
single-particle operator replaced by the scalar relativistic
one. This prescription is obviously not exact, but only
true in a perturbational sense. However, since we know
that for light systems the relativistic equations must
reduce to the standard nonrelativistic results, there is justi-
fication for this approach. For the magnetic fields and Pt
surfaces which we will consider, the magnetization frac-
tion (magnetization density divided by charge density) in
the high-density (relativistic) core region is of the order
10~8—10~% hence a perturbational expansion in terms of
this factor will converge quite rapidly. For the nonrela-
tivistic regions of space, this procedure reduces correctly
to the standard spin-polarized one.

Using this approach, we are left with the question of
how to obtain the magnetization density, or equivalently,
the magnetization fraction, from the spin-polarized
single-particle equations. In the nonrelativistic limit we
would define the relative magnetization & as

| Ming | ny—n,

= = , 16
& n ny+n, (16)

where n, (n;) is the number density of up (down) elec-
trons and n=n,+n,. Ramana and Rajagopal®® have
considered the case of a relativistic spin-polarized electron
gas and have obtained a relationship for the relativistic
magnetization fraction &,

g—1ml (17)
n
using £ as a parameter 20

EQ=5C+-= 2/3,3 { Bx(14Bx))'>—By(1+ By?)'"?

+ln[ﬁx+(1+[3’2x2)1/2]

—In[By +(14+8%2)']} (18)
where x =(14+)13,y =(1—-£)'/3, and
B=tkp/mc=a(3m*n)'"3

is a dimensionless relativistic expansion parameter de-
pending on the density n. In the nonrelativistic case
(8—0) the ratio £/& approaches one, while in the extreme
relativistic limit (8— ) the ratio approaches 1/3. This
reduction of the relativistic magnetization fraction com-
pared to the nonrelativistic case can be understood by not-
ing® that helicity, and not spin, is a good quantum num-
ber; hence, each electron has both a “spin-up” and “‘spin-
down” part. Note that this result implies that it is impos-
sible to have a fully polarized relativistic electron gas.
Likewise, if we have an external magnetic field, the spin-
quantization axis of an electron in its rest frame is not
parallel to the external field.

We will use Eq. (18) locally to transform the spin densi-
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ties obtained from the scalar relativistic equations into the
relativistic magnetization densities. This relativistic
correction in Pt is important only very near the nucleus
where it yields a factor of approximately half, while al-
ready for distances of the order of 0.5 bohr, the correction
is less than 1%.

III. IMPLEMENTATION OF THE RELATIVISTIC
APPROACH

Up to this point the discussion has been rather general;
we now give a few more calculational details for our
specific example of an ideal (unreconstructed) five-layer
Pt(001) film with lattice constant @ =3.923 A. We solve
our modified local- (spin-) density equations using the
FLAPW method.'? In this method, none of the standard
shape approximations to the potential (such as muffin-tin,
or overlapping, spherical densities) that would be suspect
at a surface are made. This combined with the good vari-
ational freedom of the plane-wave-based basis set yields
accurate solutions to the LSD equations. As discussed
above, the spherical cores are treated fully relativistically,
while the valence electrons are treated scalar relativistical-
ly. The local exchange-correlation potential of Hedin and
Lundqvist?! (with and without the relativistic corrections
to exchange!'®) for the paramagnetic part and the spin-
dependent potential of von Barth—Hedin'® are used. The
external magnetic field is included self-consistently as
described earlier. In order to ensure that the density and
magnetization densities are converged with respect to
Brillouin-zone sampling, we have used 45 equally spaced k
points in the irreducible two-dimensional (2D) wedge and
a linear triangular integration scheme??; we have verified
that the magnetization density at the nucleus is converged
with respect to k points.

IV. RESULTS

Before considering the magnetic effects at the surface
of Pt, we consider the electronic properties. The first
question to address is whether a film of only five layers
can reproduce both the bulk and surface properties. For
metals, the screening lengths are of the order of inter-
atomic spacings; hence, we expect our film to be thick
enough. In Fig. 1 we present the charge density in a (110)
plane perpendicular to the surface. As expected, the
charge density is already bulklike at the subsurface layer.
The local density of states (DOS) in each layer, shown in
Fig. 2, further supports this contention: The central layer
already has the characteristic bulk Pt DOS.!® These re-
sults are consistent with the NMR spin-echo field-
gradient results of Yu and Halperin?® that the characteris-
tic surface region has a thickness of 1.5+0.5 lattice con-
stants independent of the size of the particles.

The work function, which depends on both bulk and
surface properties, is another quantity of interest, especial-
ly since it gives some measure of the quality of the charge
density in the surface region. In general, the agreement
between theory and experiment is found to be on the order
of a few tenths of an electron volt. Hence at first glance,
the discrepancy between our calculated work function of
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Pt(001) Charge Density

FIG. 1. Valence charge density in a (110) plane. Contour
step size is 0.004 e/a.u.’ with a cutoff of 0.1 e/a.u.>.

6.2 eV and the experimental value of 5.84 eV for the
Pt(001) surface? is rather disturbing. However, this ex-
perimental value of 5.84 eV was obtained in a field-
emission experiment. Since in field-emission experiments
the face-dependent work functions are determined relative
to the total work function of the tip, it is necessary to ei-
ther measure or assume a value of the total work function.
Nieuwenhuys and Sachlter?> assumed a value of 5.32 eV
and suggest that this value is rather arbitrary. Other mea-
surements on polycrystalline samples yield total work
functions of 5.6—5.7 eV,2* which suggest a shift of the
field-emission values to larger work functions. This ex-
perimental uncertainty in the work function, coupled with
the known 5X20 reconstruction of the Pt(001) surface
suggests that our calculated work function is in quite good
agreement with experiment.

At this point we should comment on our choice of a
Pt(001) unreconstructed film as opposed to the actual
5320 surface.?’> A major reason is purely computational:
Although there are several models of the 520 surface, a
high-quality calculation of this size is impractical because
of the enormous size of the unit cell. More importantly,
however, is the fact that the NMR experiments! —¢ that we
wish to understand are on small particles. Since the
features in the NMR spectra are similar for particles with
widely varying dispersions (and distributions of crystal
faces and sizes), it appears that the effects are not highly
face dependent. Hence, by studying an idealized, but
well-defined model that describes both bulk- and surface-
like properties, we hope to be able to extract trends and
obtain at least semiquantitative agreement with experi-
ment.

The Pt films studied here are nonmagnetic in the ab-
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FIG. 2. Local partial DOS for paramagnetic Pt(001) five-
layer film. Solid lines (dotted line) correspond to the d (s +p)
DOS broadened by a Gaussian of 0.05 eV full width at half
maximum.
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sence of an external applied field. From theoretical stud-
ies'® of the bulk, Pt is found to be a Stoner-type paramag-
net. In this model (and its DF generalization”'”), the
magnetization density in small fields is proportional to the
paramagnetic density at the Fermi level p(T,er). This
density (Fig. 3) shows a decreased magnetization at the
surface compared to the bulk. As would be expected from
the DOS (Fig. 2), the magnetization density is mainly d-
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FIG. 3. Paramagnetic density at the Fermi level in a (110)
plane and the radial density in the spheres. Total charge is nor-
malized to unity over the film and the contour spacing is 0.002
e/au’.

like. These results have implications for the hyperfine
fields which we now discuss.

The relativistically correct Fermi-contact term, which is
generally the largest contribution to the hyperfine energy,
is given by??

AEhf=—87“m(?=5)<ﬁe-ﬁN>, (19)
where [, (£y) is the magnetic dipole moment of an elec-
tron (nucleus) and m (r=0) is the magnetization density
at the nucleus. Since the energy of the nuclear moment in
an external field He,, is

AEy=—Zy He » (20)
it is standard to define a (nonrelativistic) effective hyper-
fine field strength Hy¢ by

8

3 upm (r=0), 1)

Hye=

where up is the Bohr magneton; with m (T'=0) given in
a.u. Hye is found (in kG) from the conversion 1 a.u.=524
kG. In general there are two contributions to the contact
term for transition metals: (1) The large negative polari-
zation of the core electrons due to the d moment, and (2) a
direct polarization-of the valence s electrons. From calcu-
lations on transition metals it has been found that the core
polarization per unpaired spin Hye(d) is roughly a con-
stant regardless of the local environment.”” Hence, since
there is a decreased magnetization at the surface, there
should be a decrease in magnitude of the negative core-
polarization field.

The valence contribution in ferromagnetic materials
such as Ni and Fe is also negative due to the predomi-
nance of the indirect (or covalent) polarization®® associat-
ed with the opposite-sign conduction electrons over the
direct (Hund’s-rule) coupling to the unpaired d electrons.?’
In a paramagnet such as Pt this contribution will be posi-
tive because the direct polarization is clearly the dominant
mechanism since the exchange (spin) splitting of the bands
is infinitesimal. In the simple Stoner-type picture,?®?’ this
term is proportional to the s DOS at the Fermi level (cf.
Fig. 2); hence we expect an increase in the valence contri-
bution at the surface. Combining these two effects, we ex-
pect that the contact hyperfine field at the surface is more
positive than in the bulk. The Knight shift is then related
to the hyperfine energy (or nonrelativistically to the hy-
perfine field) by

_ AEn(He)  Hye

= = . (22)
AEN(Hext ) Hext

Hence, we expect that the change in the Knight shift be-
tween the bulk and the surface, AK = K(surface) — K(bulk),
is positive. These results then give a quantitative under-
standing of the NMR results*>; in order to get quantita-
tive results the magnetic field must be included explicitly.

We have carried out self-consistent calculations for a
number of external magnetic fields in the range of
0.1—2.0 mRy (1.0 mRy=2.35X 10° G) using the standard
nonrelativistic exchange-correlation potential,lo’21 and
have found that even at these high experimental fields, the
magnetization scaled approximately with the field. The
calculations including relativistic corrections to both the
exchange'""!® and spin density were done in an applied
field of 0.1 mRy.

In Fig. 4 we present the self-consistent magnetization
density obtained in the presence of an external field. The
self-consistent magnetization shows a negative spin densi-
ty similar to Ni in the region between the atoms, in addi-
tion to an increased s-p hybridization compared to the
paramagnetic p(T,Er). The exchange enhancement
[which is of the order of 2—3 for bulk Pt (Ref. 18)] mani-
fests itself as a further increase in the difference between
the bulk and surface radial magnetization (Fig. 4) com-
pared to the corresponding difference for p(T, Ey) (cf. Fig.
3). These results are essentially the same regardless of
whether the relativistic corrections to exchange or the spin
density are included since these corrections affect only the
region very near the nucleus. For example, in a field of
0.1 mRy, the magnetic moments in all cases are 0.012up,
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FIG. 4. Self-consistent spin density for Pt(001) in an applied
external field of 1.0 mRy. Normalization and contour spacings
are as in Fig. 3. Cross-hatched regions in the interstitial denote
negative spin densities.

0.008u g, and 0.006up upon going from the center of the
surface of the film.

In Table I we present the calculated (spin-only) Knight
shifts for the Pt film. The following three sets of calculat-
ed values are given. (a) “Nonrelativistic” uses the stan-
dard nonrelativistic prescription for obtaining the magnet-
ization as discussed above and the standard exchange-
correlation potential.!>?! The hyperfine field is obtained
via Eq. (21) and the Knight shift is then obtained from the
field form of Eq. (22). (b) “Relativistic exchange” values
are obtained exactly as the nonrelativistic ones, except that
the relativistic correction to exchange!"'!® was included.
(c) Finally, the “relativistic spin” values are obtained by
including relativistic corrections to the fields and spin
density. As discussed in the preceding section we make a
local relativistic correction to the magnetization density.
For relativistic electrons, we cannot obtain the Knight
shift as in cases (a) and (b) above, but rather we must use
the energy form of Eq. (22) because of the relativistic
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TABLE 1. Calculated Knight shift contact contributions (in
percent) by layer for a five-layer Pt(001) film. See text for a dis-
cussion of the different values. Bulk experimental value is in-
cluded for reference.

Central S—1 Surface
Nonrelativistic
Valence 4.4 4.3 9.5
Core —16.5 —11.3 —8.5
Total —12.1 —7.0 1.0
Relativistic exchange
Valence 4.6 4.4 8.2
Core —17.0 —11.6 —8.7
Total —12.4 —7.2 —0.5
Relativistic spin
Valence 1.3 1.3 2.4
Core —5.4 -39 —3.0
Total —4.1 —2.6 —0.6
Bulk experiment —34

transformations of the electromagnetic fields. Within the
nonrelativistic spin-only viewpoint adopted for the fields,
the average effective external magnetic field H.,, seen by a
single relativistic electron is reduced by a factor of
E(E=1) [cf. Eq. (18)] from the applied field Hy,. It is the
field H.,,, not H.,, that will enter the self-consistent cal-
culation of the charge and spin densities; an analogous
reduction of the nuclear dipole field enters into the calcu-
lation of AE,; as given by Eq. (19). These two competing
magnetic field corrections to the Knight shift have the ef-
fect of (i) making the self-consistent magnetization density
more negative near the nucleus, implying a negative con-
tribution to K, and (ii) reducing the magnitude of AEy;
(and hence K), which for transition metals is equivalent to
a positive contribution to K.

The first point to notice about the calculated Knight
shifts is that the general trends expected from the Stoner-
type model are borne out by the spin-polarized calcula-
tions: The core-polarization term decreases in magnitude
in the surface layers, while the positive valence contribu-
tion increases, resulting in a surface Knight shift that is
positive with respect to the bulk. The nonrelativistic cal-
culations predict a positive K at the surface and values
that are ~3—4 times larger than experiment. The in-
clusion of relativistic exchange, which has the effect of
reducing the attractive exchange interaction near the nu-
cleus, gives values close to the nonrelativistic results, ex-
cept that now the competition between the negative core
contributions and the positive valence term yields a (small)
negative value of K at the surface. It should be noted that
while volume-integrated quantities of the charge and spin
densities are rather insensitive to the inclusion of relativis-
tic exchange, the radial behavior of the wave functions
(especially of the core) is altered. Although the changes in
peak positions and heights of each core wave function are
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slight, the net effect of the large number of electrons in
the core can be significant. For example, the output
paramagnetic charge density obtained from the potential
calculated using the relativistic exchange potential and the
self-consistent nonrelativistic density had charge transfers
on the order of an electron between the muffin-tin spheres
and the interstitial region; the final self-consistent density,
however, was quite similar to the nonrelativistic one.

The calculated values of the Knight shift including the
relativistic corrections to the magnetization density and
fields have the same general trends as the other two sets of
results (and experiment), but are quite different numerical-
ly. We see that all of the individual contributions are de-
creased in magnitude, as are the total for the center and
subsurface layers. If we add the experimental estimate for
the orbital contribution of>'3240.4% to our spin-only re-
sult of —4.1%, we obtain a “bulk” Knight shift of
—3.7%, in very good agreement with the experimental
value of —3.4%. In contrast, K at the surface is approxi-
mately zero when the positive orbital and dipolar contri-
butions at the surface are added to our spin-only results.
As stated earlier, the core-polarization field per unpaired
spin Hye(d) is approximately constant for different local
environments. From an analysis of the experimental data,
Clogston et al.*! and Shaham et al.*? have deduced a
value of 1.2 10® G for the core polarization per unpaired
spin; our calculated value is 1.1X10° G. Hence we see
that the relativistic corrections to the magnetization densi-
ty are necessary in order to obtain results in quantitative
agreement with experiment for Pt.

V. DISCUSSION AND CONCLUSIONS

From our theoretical results we clearly see that the
shifts in the peak of the Pt NMR line found in experi-
ment*> is due to (1) a decreased magnetization at the sur-
face compared to the bulk resulting in a decrease in the
magnitude of the negative core-polarization contribution,
and (2) an increase in the positive valence contribution.
For Pt, both of these effects make AK positive. For other
metals, in particular ferromagnets, we would expect the
core and valence contributions to compete. For clean Ni
and Fe ferromagnetic surfaces, calculations give an in-
creased magnetization at the surface,*~3 implying a
large negative core contribution; the valence contribution,
however, is more positive at the surface.>>~3% We expect
that in general the surface valence contribution will be
positive with respect to that of the bulk. In bulk transi-
tion metals the spatial and symmetry requirements im-
posed by the structure of the unit cell on the electrons lim-
it the energetically allowed response to the s-p electrons to
the effective field; i.e., the low-density s-p electrons rough-
ly follow the behavior of the high-density d electrons
through, for example, hybridization. At the surface, how-
ever, the relaxation of these restrictions on the spatial dis-
tribution and symmetry of the s-p wave functions allows
added freedom to respond directly to the effective field.
Likewise, a relative increase in the s-p hybridization with
the surface d DOS, will increase the direct response. The
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increased direct response of the s-p electrons at the surface
to the effective (exchange) field will cause the surface
valence contribution to AK to be positive.

This effect of the surface versus bulk is dramatically
demonstrated in calculations on clean® and Ag-covered®®
Fe(001) surfaces. At the clean Fe surface the surface
valence contribution is positive, while in all subsurface
and bulk layers this contribution to the hyperfine field is
negative.’® When an ordered overlayer of Ag is ad-
sorbed,>® thereby partially reimposing the spatial and sym-
metry restrictions, the valence contribution changes size
and returns to a typical subsurface value. This positive
valence contribution to the hyperfine field of the surface
relative to bulk appears to be a common feature of all the
(magnetic) transition-metal surfaces theoretically studied
so far.

Returning to the experimental results,*> we recall that
for the clean particles there is a peak in the NMR spectra
corresponding to a Knight shift of ~0, which again is
quite well reproduced in our calculation. When gases
were adsorbed on the surface, new peaks with K >0 were
seen, suggesting that the surface Pt electrons are all tied
up in chemical bonds.® (The Knight shifts of typical di-
amagnetic compounds vary from O to 1%.) This explana-
tion® is quite plausible, but the data may also be consistent
with the less severe requirement that the adsorption of gas
molecules at the surface further reduces the magnetization
density while still allowing some metallic behavior at the
surface. This reduction at the surface would further
reduce the core contribution, hence yielding an added pos-
itive shift in the NMR spectra. (Although there will be a
small relative decrease in the positive valence contribution,
this reduction should be much less than for transition-
metal adsorption.) Hence it is possible to have both me-
tallic behavior and a near-zero Knight shift at the surface
resulting from a cancellation of core and valence contribu-
tions. In principle, it is possible to distinguish between
zero and nonzero contributions to the total (zero) Knight
shift by considering the Korringa relationship®’ between
the spin-relaxation time T; and the sum of squares of the
individual contributions to K. The T, data’ are clearly in
disagreement with zero contributions at the surface,® and
further support our suggestion that the individual contri-
butions are nonzero.

In summary, we have presented a practical method for
including spin and magnetic fields into a scalar relativistic
treatment. The spin and external fields (treated as given
classical objects) have local relativistic corrections ob-
tained from results on the homogeneous electron gas.
These corrections, which act only very near to the nucleus,
are important for properties such as hyperfine fields and
Knight shifts. In the formulation we have given, there is
a natural evolution from the familiar nonrelativistic spin-
polarized theory to the (spin-only) fully relativistic result,
thereby making the conceptional transition between the
two limits quite easy.

In our application to the problem of the Knight shift of
small Pt particles, we find that the relativistic corrections
to the spin and fields are necessary in order to obtain
quantitative agreement with experiment. Our results show
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that the Knight shift of the surface is positive compared
to the bulk due to a decreased magnetization at the sur-
face and an increased positive valence contribution. These
results are in good quantitative agreement with recent
NMR experiments*® on small Pt particles and demon-
strate that even spin-related problems for heavy materials
such as Pt can be attacked within the local-density frame-
work as outlined here.
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